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Damage and defects in railway materials 
Influence of mechanical and thermal damage on crack initiation and propagation 
 
Casey Jessop 
Department of Industrial and Materials Science, Chalmers University of Technology 
 
Abstract 
With rising societal concern for the environment, railways offer travelers a sustainable alternative to 
other forms of fossil-fueled transportation. In order to be competitive with airlines, for example, the railway 
industry must provide safe, efficient, and affordable service. In the current state, frequent delays on many 
networks and some rare accidents lead travelers to question the reliability and safety of the rail transport 
system. This problem is a complex mishmash of different matters which must be addressed from various 
perspectives. This study focuses on the materials in wheels and rails themselves.  
Railway wheel and rail materials are subjected to extreme stress in the field; increasing speeds, loads, 
traffic, at times in harsh weather conditions aggravate this. The combination of loadings affects the materials 
in a multitude of ways, for example through mechanical and thermal damage. One of the most common 
types of mechanical damage in the railway industry is rolling contact fatigue (RCF), the effect of which is 
frequently manifested in the surface of railway components, as cracks. Thermal damage, on the other hand, 
can affect both the surface and bulk of the material. 
The aim of this project is to properly characterize mechanical and thermal defects in railway components, 
and evaluate their effects on crack initiation and propagation, and on mechanical properties. This has been 
approached through extensive characterization of field samples with a certain type of cracks called squat 
cracks, which in some cases may lead to rail break. The squat crack networks were examined through a 
variety of methods, followed by the recreation of similar defects in the laboratory. Finally the effect of such 
defects on the microstructure, crack initiation and propagation in laboratory experiments was evaluated. 
Squat crack networks were characterized using several methods; detection limits of each technique have 
been clarified, and it was concluded that using a combination of methods, the network can be accurately 
described on many scales. In a second part, well-defined thermal damage on rail surfaces called white etching 
layers (WELs) similar to those found in field were produced using laser welding equipment, and the effect 
of these WEL spots on crack initiation and fatigue life has been shown. The WELs reduce fatigue life by 
providing a crack initiation site; both by stress and strain concentration and by decreasing ductility. The 
effect of thermal damage on bulk properties was also investigated using microscopy techniques including 
electron backscatter diffraction (EBSD) and differential-aperture X-ray microscopy (DAXM). It was found 
that the variation in local misorientation and residual strains decrease with increasing annealing temperature. 
Additionally, a method to examine crack face friction has been identified, and using this method, similar 
crack face features to those observed in cracks from field are created in the lab. The results from the friction 
experiments can be used as input towards crack propagation experiments. 
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Introduction 
Damage in rail materials is both an economic and a safety concern. Regular maintenance and correct 
characterization of defects in field help reduce predictable rail failures. However, there is real danger when 
damage and service-induced defects form during extreme circumstances. Some special events lead to 
elevated loading conditions and/or decreased resistance of the components to damage. In such cases, larger 
cracks can form and lead to unplanned replacements, costly maintenance, delays, and increased risks for 
failure, all of which lead to reduced reliability of the system. 
Although railways remain a safer alternative than roads when it comes to the number and severity of 
accidents that occur every year, some incidents involving trains cause people to lose confidence in the railway 
system and opt for cars and other means of transportation instead [1]. According to Allianz pro Schiene, 
based in Germany, the number of deaths per billion passenger–km is orders of magnitude smaller than 
those occurring in cars and even buses, at only 0.01 versus 2.77 and 0.16, respectively [2]. It is important to 
maintain the integrity of railways, and safety is a major concern for the current industry, with several 
accidents causing widespread recognition of the damage present. For example, in October 2000, a 
derailment in Hatfield, England that caused four fatalities raised awareness of the importance of maintaining 
railways for the British railway industry. The Hatfield accident was the result of overlooked severity of RCF 
in the rails, with inadequate or neglected maintenance being a main cause [3]–[5].  
There are many benefits to be gained from researching railway materials. Railway transport has the lowest 
CO2 emissions, based on the 2010 International Transport Forum on Greenhouse Gas Emissions, making 
it an environmentally conscious form of transportation when compared with road and domestic aviation 
[2]. While road accounted for 72 % of transport CO2 emissions in 2008, and domestic aviation for 5 %, rail 
transport only represented 2 %, with 2.7 billion passenger-kilometers and over one million kilometers of 
lines worldwide [2]. There are many advantages of railways as a means of freight and passenger transport, 
and the research undertaken worldwide aims to further improve the environmental, safety, and economic 
aspects. 
Rolling contact fatigue (RCF) has greatly been over-looked in the past, however some accidents raised 
awareness of the severity of these defect types, and the importance of proper maintenance of railway 
infrastructure. Replacing rails is expensive, and in order to decrease these costs while assuring safe and 
secure transportation, judging the severity of damage is of primary importance. This includes a good 
understanding of the mechanisms of crack initiation and propagation, and associate these to the current 
state of damage and defects present. Early detection of RCF surface and near-surface defects could help 
reduce the frequency and intensity of failures and accidents. In order to develop a proper maintenance 
system, first it is important to understand the nature, cause, and consequences of different types of defects. 
The aim of the project has been to properly characterize mechanical and thermal defects in railway 
components, and evaluate their effects on crack initiation and propagation, and on mechanical properties. 
This includes evaluating the influence of initial damage, climatic conditions, and material properties. In this 
study, the aim was achieved through in-depth characterization of a few selected squats and RCF cracks from 
field samples. Next, fatigue tests were performed to investigate the effect of initial thermal damage on crack 
initiation. The effect of temperature on the microstructure degradation has also been evaluated through 
different methods. Furthermore, the influence of different climatic conditions on the crack propagation was 
investigated. The results serve as necessary input for suitable models for crack initiation and propagation 
within parallel CHARMEC projects.  
Background 
Rolling Contact Fatigue 
Railway transport offers many benefits to both passengers and freight transport, however proper 
maintenance and knowledge of the material properties are important for reliable operation. The damage to 
the metal components, wheels, and rails, is related to the wear and tear of the materials themselves from the 
regular train operations. The main concern is not the normal use, but rather when unpredicted failures occur 
due to failure of the materials, for example rail breaks or derailments.  
Rolling contact fatigue (RCF) is a major concern for the railway industry today as one of the main causes 
of component failure following increased traffic, accelerations, and loading conditions. The wheel/rail 
contact condition that occurs in railway applications is complex, and it is essential to understand the 
associated damage from combined mechanical and thermal loadings in order to predict component life and 
develop appropriate maintenance systems. The crack initiation and propagation processes of RCF have been 
extensively studied from both theoretical and experimental points of view [6]–[14]; however, certain 
mechanisms for crack initiation and propagation are still not well understood. Thermally damaged surface 
layers, often called white etching layers (WELs), seem to contribute to crack initiation [15]–[19]. One 
hypothesis is that cracks nucleating in or close to WELs can develop into so-called squats or studs in the 
rail, and to RCF clusters in wheels. 
Rolling contact fatigue cracks 
Rolling contact fatigue (RCF) is defined as the fatigue of materials in contact in conjunction with rolling 
contact and normal loads. A commonly occurring form of RCF cracking is head checks (Figure 2). These 
are recurring cracks on the gauge corner of rails, but are benign and usually removed by regular rail grinding 
and maintenance [20]–[22]. However, if not properly maintained, gauge corner cracking (GCC) can lead to 
the formation of squat cracks. In recent years, the occurrence of this type of surface-initiated defect has 
been more present and studied. These squats and squat type defects can be a problem due to their location 
in the rail. Depending on the loading scenario and the orientation of the crack tip, they can either plateau 
parallel to the surface, or they can turn downwards and cause complete rail fracture. 
Fatigue occurs due to the repeated rolling contact between the wheels and rails combined with extreme 
loads in a very small contact patch on the material in both rail components. This loading causes large stresses 
within the components, which lead to severe plastic deformation of the topmost layer of the material when 
the cyclic yield limit in shear is repeatedly exceeded for thousands of cycles [23]–[26]. Cracking and increased 
risk of fracture may occur as a result.  
Different types of loading conditions in service result in different RCF defect types, some examples are 
shown schematically in Figure 1 [12]. These depend on the location of the contact patch between the wheel 
and the rail as well as the contact condition, both of which vary with profile changes of the components. 
Subsurface cracks can form within the bulk of the material, for example on the left, or cracks can initiate 
for surface irregularities and propagate into the material at a shallow angle, as shown in the middle. 
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Figure 1. Different types of contact loading and the resulting crack formation. Modified from [12]. [27] 
In the last few decades, awareness of so-called “squats” has increased due to higher occurrence of this 
type of service-induced defect [6], [8], [19], [28]–[30]. Some examples of squats are shown in Figure 3. The 
name originated from the apparent shape of the crack formation on the surface of the rail, which looks as 
though a heavy gnome squatted on the rail, leaving an indentation of two lobes of similar size [31]. The two-
lobe form on the surface of a rail suggests a planar crack network below the surface, causing internal wear 
within the crack. This in turn causes the rail surface to sink and take on a darker appearance due to less 
surface wear. Metallographic cross-sectioning shows an initial crack growing at small angles, around 10° to 
30°, from the surface of the rail and then deviating to propagate nearly parallel to the surface within a 
shallow depth (typically less than 5 mm) [17], [19], [32]. Head checks, such as those shown in Figure 2, occur 
on the gauge corner of high rails in shallow curves [33]. Generally this type of RCF defect is not a cause for 
major concern, since a combination of wear and regular maintenance grinding removes the thin layer in 
which the cracks are present. In some cases, such as those shown schematically in Figure 4, the cracks can 
branch upwards towards the surface as it progresses [34], causing spalling (far-right image in Figure 3 and 
Figure 4b), which leads to increased impact loading on further traffic. The crack growth can also deviate 
into a downwards angle, leading to increased risk of rail break (Figure 4c) [13]. 
 
Figure 2. Commonly occurring RCF defects on the gauge corner of rails. Dashed lines highlight the curvature of the 
head checks from the gauge corner into the running band. [27] 
Squats are surface- or near-surface-initiated defects, thought to originate due to local plastic deformation 
of the surface as a result of RCF loading, including dynamic wheel/rail contact forces [11], [13]. Some types 
of squats, in which local thermal damage to the rail surface affects the initiation mechanism, are often 
referred to as studs [11], [35]. However, it should be noted that the distinction between squats and studs is 
not always made [13], [28], [36]–[40]. A stud (squat-type defect) is not formed due to severe plastic 
deformation of the surface pearlite layer, but develops in less deformed pearlite and propagates through 
grains [35]. 
 Figure 3. Examples of squats of different severity in field, as well as an example of spalling (far right). [27] 
 
Figure 4. Schematic showing three levels of severity of RCF cracks on rail surface: (a) small cracks, (b) spalling, and 
(c) risk for rail break. (Longitudinal section) [27] 
Crack initiation from thermal damage 
In addition to mechanical damage, the rails and wheels are subject to thermal damage, which can have 
an effect on RCF crack formation [17], [19]. Rapid heating followed by rapid cooling of a thin layer of 
material on the surface of the rails and wheels (for example, due to wheels slipping during braking, 
accelerating) can cause martensite to form. When the temperature at the wheel/rail contact exceeds the 
effective austenitization temperature (roughly 800 °C [41]), phase transformation to austenite occurs. The 
thin layer transformed is then rapidly cooled by heat conduction into the cool surroundings. The thin 
martensite layer forming on cooling is referred to as white etching layer (WEL) due to the white, featureless 
appearance under optical microscopy after etching (Figure 5) [42], [43]. These WELs have different 
properties compared to the bulk pearlitic material, and therefore can promote crack initiation as well as 
spalling. The hard and brittle martensite is more prone to cracking compared to the bulk, which is more 
ductile. Crack initiation related to WELs is a common problem in the railway industry that is observed in 
both rails and wheels [11], [24], [42]–[44]. Figure 5 shows two typical types of cracks related to WEL, that 
is, those that grow at the interface of the WEL and the bulk material (Figure 5a), and those that grow 
through the WEL (Figure 5b). 
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Figure 5. (a) Cracks growing at interface of WEL and bulk, and (b) growing through WEL. [45] 
The formation of WELs also introduce residual stresses in rails, which are due to the changes in volume 
from thermal expansion on local heating, leading to plastic deformation at high temperature, and volume 
expansion on phase transformation from pearlite via austenite to martensite. The presence of these residual 
stressed also increases the risk of crack initiation around these thermally affected areas [27], [46]. Residual 
stresses will be discussed in more detail the next section. 
The previously described defects are more frequent in the rail material, however in the wheels, the 
thermal damage can also affect the bulk more severely. Wheel steel has a slightly different composition than 
rail steel, but remains pearlitic steel, with a portion of free ferrite in between the pearlitic colonies (see Figure 
6a and Table 1). Due to the longer duration of heating in the wheels, the increased temperature can affect 
the mechanical properties and the microstructure of the bulk [47], [48]. The manufacturing processing of 
wheels introduces residual stresses in the material which are favourable for preventing fatigue cracking from 
the wheel running surface. Some of these residual stresses are released during a final annealing step in the 
process. However the thermal damage occurring, for example, during block braking in freight wheels, 
exposes the material elevated temperatures up to 550 °C during long-duration drag braking [49]. The effect 
of similar temperature events on the mechanical properties of the wheel are of significant interest when 
studying the damage and defects present in these components. 
Frequent heating can lead to cracking, but also degradation of the material, and in turn the mechanical 
properties can deteriorate [48], [50]. One phenomenon which is observed is spheroidization of the pearlitic 
structure in wheel steel, an extreme example of which is seen in Figure 6b. The effect of this degradation 
has an impact on both the mechanical properties of the material as well as the fatigue of the component 
[48], [51]. 
 
Figure 6. (a) Microstructure of R8T wheel steel, and (b) SEM micrograph of spheroidized microstructure. 
Residual stresses 
During operation, the application of loads in conjunction with rolling of the wheels on the rails introduce 
stresses of magnitudes enough to plasticize the material; the stresses that remain in the material after the 
load is removed are referred to as residual stresses. These stresses are calculated from elastic strains within 
the crystal lattice. The presence of residual stresses can have positive or negative effects on fatigue life and 
crack growth rates, depending on their magnitude and whether they are compressive or tensile. While 
compressive residual stresses tend to hinder crack growth, tensile stresses can increase rates of crack 
propagation [52]. 
X-ray diffraction (XRD) is an analysis method that provides information on the atomic and molecular 
structures of crystalline materials. This technique makes it possible to identify the diffraction peaks of 
crystalline phases of an investigated sample. It can therefore be used for residual stress measurements by 
comparing the measured peaks to those of a stress-free specimen. 
The principle of the technique is based on X-ray diffraction linked with elastic scattering of electrons, 
and the high-energy electromagnetic radiation of X-rays. The diffraction mechanism consists of an incoming 
X-ray wave, initially confined to a single direction, which interacts with the crystals in a sample and diffracts 
in different directions depending on the symmetry of the unit cell. This interference is shown schematically 
in Figure 7, and follows Bragg’s law: 
݊ߣ ൌ ʹ݀ݏ݅݊ߠ 
Where n is an integer value, λ is the wavelength of the incident wave, d is the inter-planar spacing, and θ 
is the angle between the incident X-ray and the atomic plane [53]. In steels, the sampling depth of diffracted 
X-rays from laboratory instruments is limited to approximately 5 μm below the surface.  
A peak shift in the diffraction pattern indicates a strain in the material caused by an increase or decrease 
(elongations or contractions) of the inter-planar spacing in the crystal lattice. The measurement of residual 
stresses is calculated assuming a plane stress state; that is, the stress normal to the surface is zero [54].  
 
Figure 7. X-ray diffraction; d is the spacing between the atomic planes, and θ is the angle between the incident X-ray 
and the atomic plane. 
The strains can be calculated in terms of inter-planar spacing using the aforementioned set-up, but it is 
more useful to know the residual stresses in the sample. The sin2ψ method is the technique most commonly 
used for residual stress analysis. The measurements taken at chosen sin2ψ angles are plotted against the inter-
planar spacing, and the stress can be determined from the following relation [54]: 
ߪ஦ ൌ 
ܧ
ͳ ൅ ߥ݉ 
Where E is Young’s modulus, ν is Poisson’s ratio, and m is the gradient of the d versus sin2ψ curve. 
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Fatigue testing 
Low-cycle fatigue 
The low-cycle fatigue (LCF) life of a material is characterized by the strain-life (Coffin-Manson) curve, 
a log-log plot of the plastic strain amplitude versus number of cycles to failure, according to the following 
equation [55]: 
ߝ୮ୟ ൌ ߝ୤ᇱሺʹ ୤ܰሻ௖ 
Where εea is the plastic strain amplitude, εf’ is the fatigue ductility coefficient, Nf is the number of cycles 
to failure (2Nf is the number of reversals to failure), and c is the fatigue ductility exponent. εf’ and c are 
considered material properties [56]. 
For strain-controlled fatigue tests, which are commonly used for LCF, the specimen is cycled between a 
maximum and minimum strain, and the stress response is measured. The relationship between the stress 
and strain at each cycle is presented in the form of a hysteresis loop (an example is shown in Figure 8). The 
Bauschinger effect is evident in the first cycle, i.e. after the first tension loading, the material yields at lower 
stress upon reversed loading. There is typically an initial transient in the stress amplitude, but after some 
cycles the behavior stabilizes and the stress amplitude varies less until larger cracks develop, resulting in a 
decreased peak stress level. Eventually, cracks grow to cause failure of the specimen. 
 
Figure 8. Typical hysteresis loops for strain-controlled LCF test in uniaxial cyclic loading, with constant total strain 
amplitude of 0.6 % in this case. The stress amplitude registered in this case decreases throughout the test. 
Surface initiated rolling contact fatigue 
The study of fatigue in a material can be approached from two perspectives: a fatigue damage approach, 
or a fracture mechanics approach, when cracks are explicitly defined in a given model. In the current work, 
only fatigue damage is considered, which includes input from operating conditions and subsequent damage 
in terms of plastic deformation or thermal damage, as previously discussed. The contact occurring between 
the wheel and rail is generally described using Hertzian theory [57], which defines an elliptical contact area, 
with semi-axes in the rolling (x) and lateral (y) directions. The size and shape of the contact depends on the 
normal force and the rolling direction [12], [23]. 
The magnitude of the maximum contact pressure, p0, occurring at the center of the ellipse, is: 
݌଴ ൌ
͵ܨ௭
ʹߨܾܽ 
Where Fz is the load in the z-direction. One assumption which can be made is full-slip in the contact 
area, in which case the shear stress, or traction, will be proportional to the contact pressure. Therefore, the 
peak traction, q0, is defined as: 
ݍ௢ ൌ ݂ ή ݌଴ 
Where f is the traction coefficient. Furthermore, if the material yield limit in cyclic shear, k, is reached, 
then surface plasticity will occur, and can be expressed as: 
ݍ଴ ൌ ݇ 
or 
݂ ή ݌଴ ൌ ݇ 
The shakedown map is used to define the fatigue damage in a given contact patch, based on the 
normalized vertical load and the traction coefficient. That is, the risk of surface of subsurface RCF crack 
initiation and growth can be determined based on the region associated to the operating conditions [12], 
[58].  
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Experimental methods 
Materials 
The materials studied in the thesis are pearlitic steels with slightly different compositions and properties 
which are used for rails (R260) and wheels (R8T). The compositions are summarized in Table 1. 
Table 1. Composition of rail and wheel steels (in wt. %). 
 C Mn P S Cr Si Mo Ni V Fe 
R260 0.72 1.04 0.006 0.010 0.02 0.31 - - - Bal. 
R8T 0.59 0.78 0.005 0.006 0.13 - 0.05 0.17 <0.005 Bal. 
Characterization of RCF damage and defects 
The characterization of defects found in rails and wheels can be done on a variety of scales using many 
different methods. Within this project, several methods were used to examine rail sections taken from the 
field down to single ferrite grains within wheel steel. The following chapter will briefly summarize the 
methods used in the appended papers. 
Microscopy 
Microstructural evaluation allows for the material microstructure and mechanical properties to be 
compared. Sample preparation for evaluation under microscopy includes surface finishing (grinding and 
polishing) and etching, which are done according to the specimen and to the purpose of the investigation. 
All grinding and polishing was done using Struers preparation equipment, and etching with Nital (2-3 % 
HNO3 in ethanol) for different amounts of time. Investigations were carried out using a Leitz DMRX optical 
microscope, a Zeiss SteREO Discovery V20 stereomicroscope, and a LEO 1450VP SEM scanning electron 
microscope (SEM). Optical microscopy allows for an overview of the microstructure including the different 
phases present, including for example the deformation and orientation of pearlite colonies. 
Stereomicroscopy allows for inspection of rough surfaces at lower magnification. However, the depth of 
focus is not sufficient to obtain clear images of a textured surface, which requires the use of SEM. Using 
SEM, better spatial resolution, depth of focus, and higher magnification are achieved.  
Topography measurements 
A Somicronic Surfascan 3D stylus-based surface profiler was used to obtain 3D mapping of regions of 
interest on different specimens. The profiler was fitted with a ST027 stylus probe (2 mm tip radius and a 
90° tip angle) and a depth description was acquired. The step size used is decided based on the focus of the 
measurement. For example, an overall geometrical description was obtained using 1mm step size, while 
detail maps were done on smaller regions with step size 50 μm [59]. 
X-ray tomography 
X-ray tomography is a non-destructive method which allows for high-resolution 3D visualization of 
internal features, which has been done using a Zeiss Xradia 520 Versa instrument. For the purpose of the 
measurements in Paper 1, for example, the X-ray energy was polychromatic up to 160 kV from a tungsten 
target and 1601 projections of each region were acquired. 3D density maps were reconstructed by a standard 
filtered back-projection method to 2k x 2k x 2k pixel volumes with a voxel size of 7.29 μm. More details 
about the setting of the measurements can be found in the appended papers [45], [59]. 
Electron backscatter diffraction 
The EBSD measurements were carried out in a LEO 1550 high resolution field emission scanning 
electron microscope (FEG-SEM). The system was equipped with an EBSD detector (Nordlys, Oxford 
instruments), a high speed camera for EBSD pattern recording, and software for crystal orientation mapping 
(AZtecHKL). The samples were tilted to 70° and the SEM was operating at an accelerating voltage of 20 
kV. Crystallographic orientation maps are taken on the surface of the samples. 
Differential-aperture X-ray microscopy 
DAXM experiments were conducted at beam line 34-ID-E at the Advanced Photon Source (APS), 
Argonne National Laboratory. First, a focused polychromatic micro beam (with size of ~0.5 μm) was used 
to determine the orientations of the grains. The X-ray micro beam scans the sample which is mounted on a 
holder at an inclination of 45º to the incoming beam. A panel detector mounted in 90º reflection geometry 
510.3 mm above the specimen was used to record the Laue diffraction patterns. A Pt-wire of 100 μm 
diameter, scanning along the sample surface at a distance of 250 μm, was used as a differential aperture for 
resolving diffraction patterns from different depths penetrated by the micro beam. The Laue patterns at 
each depth were reconstructed and indexed using the LaueGo software available at beamline 34-ID-E. The 
crystallographic microstructure within an area of 80-120 μm along the horizontal direction and 100 μm 
along the depth was mapped for each sample.  
A monochromatic beam was then used for measurements of elastic strain within selected grains. By 
scanning the X-ray energy around the calculated value (calculated from the indexed Laue pattern) for a 
selected Laue diffraction spot, the intensity distribution as a function of the diffraction vector Q = 2π/d 
(Q-distribution) can be determined for the selected diffraction spot at different depths. At each depth, the 
Q-distribution is fitted using a Gaussian function and the center of the distribution, QC, is used to determine 
the absolute lattice spacing, d. The elastic strain, ε, can then be determined using: 
ߝ ൌ ሺ݀ െ ݀଴ሻ݀଴  
where d0 is the lattice spacing of the sample in the stress-free state. For the present study, d0 was calculated, 
according to the chemical composition in Table 1 with lattice parameter a0=2.86734 Å. More detailed 
information can be found in [60], [61]. 
Fatigue testing 
The fatigue behavior of the rail steel, as well as the effect of initial thermal damage, was tested using 
uniaxial strain-controlled fatigue tests at room temperature, at constant total strain rate of 10-2 s-1, and at 
three constant strain amplitudes: 0.4 %, 0.6 %, and 1.0 %. Test bars were machined, ground and polished 
before testing. Two different conditions were tested: un-notched and with initial thermal damage, Figure 9. 
The un-notched specimens were tested to provide a basis for fatigue behavior of the material. The thermal 
damage was in the form of a WEL spot with thickness close to 200 μm, which is a thickness occasionally 
found in field. 
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Figure 9. (a) Approximate extraction location of test bars in railhead, (b) specimen geometry, and (c) initial thermal 
damage (WEL) on polished test bar. 
Laser heating experiments 
WELs on the surface of rails and wheels are a suspected initiation site for severe RCF cracking [5], [6]. 
In order to determine the effect of this type of thermal damage on crack initiation and fatigue life, WELs 
were artificially made on pearlitic rail test bars to be used for fatigue experiments. Furthermore, WELs were 
made on the running band of new and used rail sections for characterization and comparison. The used rail 
sections also had white etching layers from operation, which were used for comparison with the artificially 
produced ones. The laser experiments were performed at Trumpf GmbH, Ditzingen, Germany using a 
TruDiode laser. The laser beam was tuned to illuminate diameters of 2 mm and 6 mm on the surface of the 
test bars and rail sections, respectively, and the power was controlled according to different energy pulse 
shapes. More details can be found in [62]. 
Digital image correlation 
An ARAMIS 3D motion and deformation sensor system, based on digital image correlation (DIC), is 
used to visually capture the strain evolution on surfaces during experiments. The technique is based on 
tracking the deformation in the test specimen by comparing images at a given interval to a reference image. 
The strain field is deduced from the analysis of the displacement field of the specific details painted onto 
the surface. The specimen is spray painted to obtain a uniform and random speckle pattern on the surface. 
In the experiments described in Paper 3, the camera was focused on the center of the test bar where the 
WEL spot was present. Due to the different flow stresses, it can be predicted that the WEL spot will act as 
a stress-raiser during uniaxial loading, and this will affect plastic strain initiation and accumulation. A 
snapshot was taken at the maximum load in tension for each cycle. 
Residual stress measurements 
Residual stress measurements within the project were done using a Stresstech Xstress 3000 X-ray 
machine with the sin2ψ method and Cr Kα-radiation, with 1 mm or 3 mm collimators used for 
measurements on test bars with and without initial thermal damage, as well as surfaces of rails taken from 
the field. The detectors are positioned at 2θ ≈ 156° [54]. The measurements were run with the inclination 
angle ψ between -45° and +45°, using nine equal steps in sin2ψ (i.e. 0°, ±21°, ±30°, ±38°, ±45°), and in 3 
directions (Φ=0°, 45°, and 90°). 
Crack face friction experiments 
Crack propagation is affected by many factors, one of which is crack face friction. The effect of crack 
face friction is difficult to study, since during crack propagation experiments, the cracks remain tightly 
closed, and there is no direct way of measuring the friction between the crack faces. Furthermore, the 
presence of different third-body materials (including wear products, water, lubricants, etc.) is not constant, 
and has an influence on the friction coefficient. As a starting point to studying the effect of crack face 
friction on crack propagation, a series of experiments was designed, in which the coefficient of friction 
would be the focus. 
 
Figure 10. Schematic of test bar used in friction experiments with dimensions in mm. 
Using an MTS 809 axial-torsion servo-hydraulic test machine, the two halves of the test bar (shown 
schematically in Figure 10) were pressed together with varying normal force, sliding velocity (rate of 
rotation), and angles of rotation (stroke/length of sliding movement), in wet and dry conditions. The friction 
is determined by the torque required to rotate the sample under a given normal force, according to:  
μ= T/F·r 
Where T is torque [kN·mm], F is the normal force [kN], and r is the average radius in the contact [mm] 
[63]. 
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Summary of results 
Part 1: Characterization of RCF crack networks (Paper 1 and unpublished) 
One objective of the work presented in this thesis was to properly describe the three-dimensional 
geometry of RCF crack networks in rails using several characterization technique. The RCF damage in the 
wheel and rail sections taken from the field was examined using serial sectioning techniques with optical 
microscopy (OM), and scanning electron microscopy (SEM). In Paper 1, the following methods were used: 
high-intensity X-ray radiography complemented with geometrical reconstruction, serial sectioning and 
metallography in combination with microscopy, X-ray tomography, and topography measurements. The 
experiments were performed on different squats from rail sections taken from the field.  
Using a combination of radiography and geometric reconstruction, a squat crack network was 
reconstructed and compared to the interpolated network obtained from metallographic sectioning (Figure 
11) using MATLAB [64]. The geometry is similar to that described in literature [65]. From this, it can be 
seen that although the overall geometry is well determined from the geometric reconstruction, certain 
limitations remain, namely in locating the surface-breaking part of the crack and well as the crack tip depth 
and orientation. The crack tip is, in fact, perhaps the most important point when looking to determine the 
severity of a crack in field, since the orientation could determine whether the crack will plateau or will turn 
downwards and potentially cause rail fracture. 
 
Figure 11. 3D plots with surfaces obtained from both 3D reconstruction (colored) and metallography (mesh). The 
crack network is showed relative to the rail surface (gray). [59] 
A different squat was broken apart and observed under stereomicroscopy to examine features about the 
crack morphology and topography, shown in Figure 12. Some observed features were further investigated 
using topography measurements, as shown in Figure 13. This method allowed for an accurate overall 
description of the main crack using 1 mm step size, and of the ridges using 50 μm step size.  
Additional investigation with SEM revealed crack branching in the transverse sections (e.g. Figure 14); 
while the longitudinal sections provide additional information about the crack geometry below the surface. 
Figure 13 shows undulations near the end of the crack network as compared to the detail maps. 
Furthermore, the 3D mapping (Figure 13b) shows a highly textured surface on different scales: some beach 
marks, ridges, and surface roughness. It can be speculated that the ridges on the fracture surface (Figure 
12b) are a result of repeated relative movement of the two crack surfaces in the same direction, while the 
smoother regions observed near the surface-breaking part of the crack (Figure 12a, top) are a result of 
rubbing of crack faces in different directions due to an additional shear displacement. This is thought to be 
a result of the stresses propagating the crack [35]. 
 Figure 12. Images from stereomicroscopy of (left) squat surface, and (right) detail close to the tip of the v. [27] 
 
Figure 13. (a) Mapping of overall squat geometry, 1 mm step size. (b) Mapping from topography showing ridges, 50 
μm step size. [59] (c) Undulations in longitudinal section of squat network. [27] 
 
 
Figure 14. SEM micrographs of sections from a squat, showing crack branching in transverse sections, not 
distinguishable by geometric reconstruction. 
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Finally, in Paper 1, X-ray tomography was done on a squat crack network, in order to detect features, 
such as crack branching, and overall crack geometry and crack face topography. The results are shown in 
Figure 15. From this study, it was concluded that the different methods are complementary, and 
observations made using one method can supplement and explain the deficiencies of other methods. 
 
Figure 15. (a) 3D representation of the crack network in blue. Four sections through the reconstructed volume 
illustrate how the images in [[Fig. 9 in [59]] are taken. (b) Overhead view showing crack ridges.[59] 
Plastic deformation 
Further metallographic investigation of rail sections taken from the field allowed for a closer look at the 
area within and around the crack, providing better insight into the mechanisms involved in crack 
propagation, such as plastic deformation and possible thermal damage. It was found that plastic deformation 
had occurred, mostly around the surfaces of the crack (e.g. Figure 16). However, it is not seen along the 
entire length in the transverse sections. Around the crack opening, the deformation of pearlite grains was 
clearly seen, shown in Figure 16. Realignment of grains was apparent at certain areas along the crack, 
however, some areas seem unaffected. This suggests the crack did not grow following the severely deformed 
microstructure, and that other parameters affect the growth path through the bulk of the material.  
  
Figure 16. Deformation of pearlite colonies along the edge of the crack (left), compared to the bulk material (right). 
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Part 2: Effect of thermally induced defects on crack formation (Papers 2 and 3 and 
unpublished) 
Secondly, investigation of crack initiation from thermally damaged surface spots was carried out via 
strain-controlled LCF experiments using a MTS 809 servo-hydraulic test machine. The effect of initial 
thermal damage (small martensite spot on test bars) on fatigue crack initiation was examined and evaluated 
relative to smooth specimens. Comparisons between the WELs observed in field samples and those 
produced artificially on test bars and railheads were made regarding microstructure and residual stresses. 
The presence of initial thermal damage was found to slightly reduce fatigue life. 
Thermal damage 
Thermal damage is often found on rails and wheels, and initial inspection of a rail section taken from 
the field showed quite severe spalling occurring on the surface, in addition to a large thermally damaged 
strip, the origination of which cannot be determined (Figure 17). The surface was cleaned and etched using 
Nital in order to reveal the presence of a WEL, suggesting some event caused martensite to form as a thin 
layer on the rail surface. Many small cracks within this layer highlight the brittle nature of the WEL. 
 
Figure 17. Rail surface after Nital etching: spalling off of large sections is observed in the running band. Section 
location is shown with a dashed line. 
Upon sectioning as shown in Figure 17, the depth of the damage can be more closely examined, including 
crack patterns and crack depths. The thermal damage is clearly seen in Figure 18. A closer look at the WEL 
(Figure 18, bottom) shows that there are in fact two different WELs present: a thin (~200 μm) layer appears 
above a thicker (~550 μm) layer on the surface. The presence of two layers is the result of multiple 
occurrences of thermal damage (e.g. wheel burns) on the same place. The primary layer exhibits a heat-
affected zone, appearing darker just below the secondary layer, which suggests some tempering of the 
martensite accompanying a second heating event [66]. Furthermore, near the bottom-right corner of Figure 
18 deep cracks are present, traveling through the WEL and along the transition between the WEL and bulk 
material. This could be due to the rolling contact loading occurring between the wheel and rail, affecting the 
harder and more brittle material within the WEL as well as causing localized strain concentrations beneath 
the harder layer. 
  
Figure 18. (top) WEL on cross-section from optical microscopy, and (bottom) close-up of double WELs. 
Residual stress measurements  
The residual stresses measured in the longitudinal and transverse directions around the 6 mm WEL spots 
on the used and new rail sections are summarized in Figure 20. The test procedure is fully documented in 
Paper 2. It is seen that comparatively high tensile stresses are present around the WEL spot on both used 
and new rails, and the stress value approaches zero in the center of the spots. The explanation could be 
linked to the thermal expansion and plastic deformation of a material volume around the spot upon heating, 
and volume expansion on martensite formation during subsequent cooling.  
 
Figure 19. WEL spots on (left) used and (right) new rails. 
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Figure 20. Surface residual stresses around 6-mm WEL spots on used (U1 and U2) and new (N1 and N2) rails. 
In Papers 2 and 3 [45], [62], the effect of thermally induced defects on fatigue life and crack formation 
was investigated with a combination of fatigue testing and characterization of the thermal damage before, 
during, and after the fatigue tests. Laser-heating experiments (described previously and in Paper 2) were 
done on smooth test bars in order to create a small martensite spot, mimicking WEL found in the field. 
These spots were examined using optical and stereo microscopy, and residual stresses measurements were 
done. The results from the fatigue tests are summarized in Figure 21. 
 
Figure 21. Coffin-Manson plot for uniaxial fatigue tests performed on smooth (diamonds) and thermally damaged 
(circles) test bars.[45] 
The presence of the WEL spot reduced fatigue life in all but one tests, and it was seen that in test bars 
with thermal damage, the crack was at or near the WEL spot. In order to investigate further the effect of 
the thermal damage on the crack initiation, digital image correlation (DIC) equipment was set up for one 
fatigue test. Using this equipment, the deformation on the surface of the test bar can be measured in real 
time, and the strains are calculated. It could be clearly seen that within the first cycles already, the strains 
accumulate at the top and bottom of the WEL, in the loading direction. One crack then becomes dominant, 
and the strains continue to accumulate until failure occurs (Figure 22). 
 Figure 22. Strain evolution around the WEL during LCF fatigue test (loading in horizontal direction) a) in early 
stages, and b) during the final 4 cycles before failure, obtained from DIC.[45] 
Upon closer examination of the failed test bars with thermal damage, it was found that in some instances, 
the dominant crack was growing through the WEL (Figure 23), whereas in other test bars, the crack followed 
the interface between the WEL and the bulk pearlitic material. In addition to metallographic sectioning, X-
ray tomography was used to view the crack network in three-dimensions inside the test bar. This method is 
non-destructive, as previously described, and allowed for the entire crack network to be seen following the 
WEL on the surface, then propagating in a plane perpendicular to the loading direction, typical of mode I 
crack propagation. No crack branches were observed. 
 
Figure 23. (a) Crack propagation through WEL on fatigue test bar.[45] (b) The crack initiated in the WEL and 
propagated down into the bulk material. (c) A small crack initiated at the edge of the WEL (polarized light in optical 
microscope).[62] 
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Figure 24. (a) X-ray tomograph of the extent of the crack on the surface of the test bar, (b) overall scan of the crack 
network within the test bar, and (c) detail scan near the WEL, showing the crack following the bottom of the WEL 
spot (dashed line represents the approximated location of the WEL spot). [45] 
Observation of the fracture surfaces for all tests (with same strain amplitude) revealed that the initial 
thermal damage does not affect the crack propagation, but only the crack initiation. That is, the WEL spot 
acts as a stress-raiser during the uniaxial loading, and leads to crack formation earlier, however the remainder 
of the fatigue life is not affected by the thin WEL spot. The effect of different factors on crack propagation 
was studied in the next part of the project. 
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Part 3: Effect of crack face friction on crack propagation (Paper 4 and 
unpublished) 
In addition to the friction which exists in the wheel-rail contact during railway operation, there is an 
additional friction which is important to the study of crack propagation: crack face friction. That is, the 
friction between the faces of a crack. The tribology in this area is difficult to study and to measure, due to 
the very tightly closed cracks in field and during experiments. In order to study the crack face friction 
independent of crack propagation experiments, a series of tests was designed in which the influence of 
different factors on the coefficient of friction would be determined. A full description of the experiments 
and the test specimen can be found in the Paper 4 [63]. 
Residues 
One factor which is thought to influence the friction between crack faces, and subsequently crack 
propagation, is the presence of third body materials, such as residues within the cracks. A squat was cross-
sectioned longitudinally (parallel to the traffic direction) and examined for the presence of residues (see 
Figure 25). Through scanning electron microscopy and energy-dispersive X-ray spectroscopy (EDX), it was 
found that the residues have an increased oxygen content compared with the bulk. However, elongated 
pearlite grains are observed around the crack faces and even within the residues (Figure 26 b and d). This 
suggests that the residues result in part from the crack propagation that shears bulk material that has broken 
off from the crack edges [67]. 
 
Figure 25. Longitudinal cross-section of squat. 
 
Figure 26. SEM image showing residues in cracks. a) Dark grey material near crack tip are residues, b) close-up 
showing deformed microstructure within the residues, c) and d) are from a transverse section of the rail. 
Friction experiments 
The friction experiments lead to the result that although there appears to be a directional dependence 
on the measures coefficient of friction, the variation is reduced with increasing normal force. Figure 27 
shows the coefficient of friction as a function of time in three experiments with varying normal force. 
Although the average friction coefficient remains approximately the same for all experiments, the variation 
during each cycle is reduced with increasing normal force. 
 
Figure 27. Friction coefficient with respect to time for different normal forces equivalent to: (a) 17.5 MPa, (b) 70 
MPa, and (c) 140 MPa (Tests F1, F2, and F3, respectively). The difference between the maximum and minimum 
values decreases with increasing normal force. 
The most significant findings from the friction experiments were related to the deformation of the 
surfaces, and the effect of adding water to the contact. The ridges on the deformed surfaces are similar to 
those seen on the squat crack faces, Figure 28. The addition of water in the contact between the two surfaces 
reduces the coefficient of friction, from approximately 0.63 to 0.38. The reduction of the friction coefficient 
is accompanied by a reduction in deformation and wear on the surfaces, as seen in Figure 29. 
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Figure 28. Surface of test bar after friction experiments (left), resembling detail of ridges on squat crack face (right). 
Modified from [63] 
 
Figure 29. Surfaces of test bar after testing in (left) dry and (right) wet conditions. The more pronounced 
deformation and wear in the dry conditions is apparent and a reflection of the larger coefficients of frictions 
calculated. The periphery of the contact surface in the wet tests remains in original condition, while the inner radius 
is worn and corroded. [63] 
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Part 4: Mechanical and thermal damage in wheel steel (Paper 5 and unpublished) 
The problem with damage and associated failures in railway components can be separated into two main 
categories: mechanical damage and thermal damage. Although both interplay in reality, for the simplicity of 
the topic, we will address both as separate issues. In terms of mechanical damage, the thesis has investigated 
rolling contact fatigue cracks in rails, specifically squats and squat-type defects, which have been the focus 
of Paper 1, as well as much of the research in recent years. Thermal damage has been studied as, firstly, an 
initiation site for cracks, in the form of white etching layers (Papers 2 and 3), and secondly, related to residual 
strains and residual stresses within the bulk material, to be discussed in this section. 
Mechanical damage 
A detailed investigation was carried out on wheels removed from operation and has been reported in 
[68]. The RCF damage was studied with stereo and optical microscopy to establish crack morphology and 
depth. RCF damage is classified according to Figure 30, where RCF1 corresponds to wheel/rail contact on 
the inner rail in curves, RCF2 on contact on the outer rail in curves, and RCF3 to operations on tangent 
track and in shallow curves. The results from the investigation show typical properties and RCF damage of 
used wheels.  
 
Figure 30. Definition of RCF1, 2 and 3 zones following [69]. Modified from [70].  
Macro photographs from visual inspection show RCF1 and RCF3 damage bands spread around the 
entire circumference (Figure 31). After the first overall examination, the surfaces of the wheels were etched 
using Nital, but no clear signs of martensite patches became apparent. This, in combination with the 
continuous damage, speaks against thermal initiation of the cracks, e.g. at small wheel flats or more serious 
skid patches. It should be noted that this does not imply that thermal loading had no influence on the 
damage formation, since it has been shown that even moderate thermal loads may have a detrimental 
influence on the wheel material [71]. However, no high temperature events, i.e. large-scale sliding of the 
wheel on the rail, have been involved in the formation of damage.  
A segment with significant damage was further investigated by stereo and optical microscopy. The typical 
appearance of RCF1 cracks is shown in Figure 32, with cracks extending up to 0.5 mm into the wheel, 
growing at small angles, and repeated along the surface of the longitudinal section. In the transverse section, 
Figure 33, the RCF1 zone lies around the 100 mm mark; however the cracks are not clearly seen in the 
magnification used. The scratches which can be seen are from sample preparation.  
The RCF3 zone in Figure 32 showed a different crack morphology; the cracks are much deeper than in 
the RCF1 zone, extending to a depth of more than 7 mm, and crack branching is present. It is seen that the 
RCF3 cracks in the transverse section (Figure 33) are very pronounced, and the majority of the network 
extends approximately 2 mm into the wheel. Furthermore, a crack is seen at a depth of 5 mm from the 
surface. This confirms that dominant cracks extend to at least to this depth, as seen in the longitudinal 
section, since each section only represents a 2-dimensional image of the whole crack network. It can be 
concluded that the main damage mechanism is RCF3.  
 
Figure 31. Wheel treads with RCF1 and RCF3 damage bands. 
  
Figure 32. (left) RCF 1 and (right) RCF3 longitudinal sections. 
 
Figure 33. Transverse section through the RCF1 and RCF3 zones. Dotted lines indicate distances of 70 mm and 100 
mm from the flange side. These distances correspond to the longitudinal sections of RCF3 and RCF1, respectively. 
The sections were further examined by optical microscopy, to investigate in particular the occurrence of 
plastic deformation and thermal damage. No thermal damage was found in any of the sections, however 
plastic deformation was observed around the cracks. Figure 34 shows an example of plastic deformation in 
the vicinity of a RCF3 zone crack; the deformation and grain elongation that appears along the surface of 
the wheel (bottom) and the faces of the crack can be clearly seen in the magnified view. The damage pattern 
is typical for surface initiated rolling contact fatigue and there were no signs of severe thermal damage.  
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Figure 34. (Left) Example of cracks in longitudinal section through the RCF3 zone. (Right) Magnified view showing 
plastic deformation around crack and along the wheel surface (bottom of micrograph). 
Investigation of misorientation and strains 
The effect of thermal damage in the form of white etching layers on the crack initiation has been 
investigated by fatigue experiments using rail steel. However, in the project, we have also observed the effect 
of temperature on the bulk material, which is, looking at the material below the surface which has been 
heated due to one of several possible reasons: braking, acceleration, wheel slip, etc. The temperatures in 
these circumstances can reach austenization temperature, as addressed previously, while the temperature in 
the wheel tread can rise up to 550 °C during freight operation [49]. The effects of this on mechanical 
properties had been investigated within several CHARMEC projects, as well as by different researchers. 
The focus of the work done within this thesis has been on the effect of annealing on the misorientation and 
residual strains within ferrite grains in R8T steel, using advanced characterization methods (EBSD and 
DAXM). 
Both methods offer advantages, and a combination of them allows for a good understanding of the 
behaviour of the material. Using EBSD, it is possible to index the ferrite grains and the pearlitic colonies, 
and to obtain information from the surface of the sample about local misorientation. The orientation 
variation in the pearlite colonies is larger than that in the ferrite grains, due to the formation of the lamellar 
structure of the pearlite. With increasing temperature and annealing time, the misorientation in the ferrite 
grains decreases. An example of the obtained maps is shown in Figure 35, for the sample annealed at 500 
°C for 4h. 
   
Figure 35. Maps from EBSD (R8T sample annealed at 500 °C for 4h). Modified from Paper 5. [72] 
Using DAXM, we measure along a 45° plane into the sample (that is, we look into the sample). In 
addition to misorientation information, we can also obtain information on the relative strain in selected 
grains. Due to the high brightness/intensity of the beam coming from the synchrotron source, a higher 
resolution is obtained. It was found that the samples annealed at 300 °C and 500 °C are very similar in terms 
of misorientation, and there is little difference in the local misorientation in the two samples as well as the 
average misorientation. The maps for the sample annealed at 500 °C is shown in Figure 36. The legend 
corresponds to the distribution of local misorientation angles in the KAM map. There is limited indexing 
using this method, and due to the larger orientation variations within pearlite colonies that cannot always 
be indexed, and we are left with a large portion of unresolved points. It was observed, however, that when 
the sample is fully spheroidized a larger portion of the plane is indexed. Annealing at 690 °C for 96h results 
in a fully spheroidized microstructure, as shown in Figure 6b. Lower local misorientation is observed after 
full spheroidization, and more ferrite grains are indexed, as can be seen from the IPF and KAM maps in 
Figure 37. This suggests that the method works better when indexing the microstructure without cementite 
plates, since the cementite is no longer present as lamellas within the pearlite grains, but rather as large 
spheres or carbides within a ferrite matrix. 
  
Figure 36. R8T sample annealed at 500 °C for 4h. (a) IPF, and (b) KAM showing misorientation below 0.3° within 
the grains. (Sample surface at top) 
  
Figure 37. SEM micrograph of R8T sample annealed at 690 °C for 96h, and corresponding IPF and KAM maps 
showing better indexing when cementite is spheroidized versus lamellar. (Sample surface at top) 
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Moreover, the use of monochromatic beams allows for the determination of relative strain within single 
ferrite grains using DAXM. Figure 38 shows the grains (numbered in Figure 36) in which strains were 
measured based on calculated strain-free lattice parameters for the sample annealed at 500 °C for 4 hours. 
It can be seen that the range of residual strains, 3 x 10-4 (-2 to 0.7 10-4), is nearly zero, showing that 
temperature releases most residual strains within single grains, and the variation is decreased with increased 
annealing temperature. 
 
Figure 38. Range of strains measured in 3 ferrite grains in the sample annealed at 500 °C for 4h. The grains are 
numbered in Figure 36.  
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Conclusions 
The aim of the project was to properly characterize mechanical and thermal defects in railway 
components, and evaluate their effects on crack initiation and propagation, and on mechanical properties. 
This has been explored in some different steps and through different methods, and it has been found that 
many factors affect these phenomena. The work was separated into three main objectives. The first is to 
properly describe the 3D network of RCF defects in railway rails and wheels using several characterization 
techniques. The second is to study the influence of different factors on crack initiation and propagation 
through fatigue tests, including friction experiments. The third is to investigate the effect of annealing on 
the microstructure and bulk properties of wheel steel. 
A good understanding and accurate description of crack morphology and thermal defects as crack 
initiators, have been important elements to investigate relevant parameters and provide input for models. 
Additional experiments in different climatic conditions (temperature and humidity) are important to expand 
the results. Squat crack networks were described using several methods, detection limits of each technique 
have been clarified, and it was concluded that using a combination of several methods the network can be 
accurately described on many scales. 
Extensive characterization of damage found in field is used to design experiments. Different factors 
influencing the crack growth are investigated using laboratory tests, e.g. fatigue and friction experiments. 
Well-defined WELs similar to those found in field were produced using laser welding equipment, and the 
effect of these WEL spots on crack initiation and fatigue life has been shown. The WELs reduce fatigue life 
by providing a crack initiation site; both by stress and strain concentration and by decreasing ductility. 
Additionally, it was observed that failure occurs at the WEL in all cases except one, with the crack initiating 
in the martensite and growing outwards.  
Furthermore, a method to examine crack face friction has been identified, and using this method, similar 
crack face features to those observed in cracks from field are created in the lab. The results from the friction 
experiments can be used as input towards crack propagation experiments. 
Finally, the effect of thermal damage on bulk properties was also investigated using EBSD and DAXM. 
It was found that the variation in local misorientation and residual strains decreases with increasing annealing 
temperature and time.  
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